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In flume experiments the near-bed turbulent flow field over two water-worked gravel bed 
surfaces was investigated. The surfaces were characterized by similar statistical distributions 
of bed elevations, but with different surface grain orientations. This was achieved by first 
developing a water-worked static armour layer and then rotating it by 90°. Characteristics of 
the flow field were measured with a 3D LDA as well as a 3D PIV in order to reflect the effects 
of the different temporal and spatial resolutions and accuracies of each measurement system. 
The results show that (1) the shape of the vertical profiles as well as the absolute values 
obtained by PIV measurements depend only marginally on the number of verticals, (2) PIV 
and LDA show only good agreement for the longitudinal velocity component, and (3) a 
representative surface grain size or bed surface roughness height based on simple statistics of 
bed elevations cannot accurately account for the resistance imposed by a water-worked gravel 
bed on the flow. 
 

1. INTRODUCTION 

A key problem in river hydraulics has been the adequate evaluation of the resistance imposed by 
different bed morphologies on the flow. Energy losses due to particle roughness depend on particle 
size, shape, and arrangement. The equivalent sand roughness height kS, is normally used in studies 
related to the turbulent flow field, and for practical purposes, kS is usually related to a representative 
surface grain-size such as D50 or D84. 

However, recent studies investigating gravel bed structure using statistical methods have shown 
that grain orientation is different for static and dynamic armour layers (e.g., Aberle & Nikora, 2006). 
Both bed types may be characterised by the same statistical distribution of bed surface elevations and 
surface volumetric grain-size distributions but have a very different surface structure in longitudinal 
and transverse direction. Additionally, further studies have described the presence of organised 
networks of grain-scale bed structures (e.g., Marion et al., 2003). These observations indicate that the 
use of a single roughness scale determined from a ‘representative’ surface grain-size may not contain 
sufficient information to determine, in detail, the influence of the bed on the characteristics of the 
near-bed flow field (for more details see Cooper et al., 2008a and 2008b). 

This study was carried out to investigate the influence of grain-arrangement on the near-bed 
turbulent flow field. Detailed spatially distributed measurements of the flow field were made over two 
water-worked gravel bed surfaces, characterised by almost the same statistical distribution of bed 
elevations but with the surface grains arranged in orthogonal directions. This was achieved by rotating 
a water-worked bed through 90° (see Cooper et al., 2008a for details). 
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Two of the most common optical methods, Particle Image Velocimetry (PIV) and Laser Doppler 
Anemometry (LDA) were used to measure the turbulent flow field in the near-bed region. Each 
technique uses a different physical principle as the fundamental basis and, therefore, has different 
specific strengths and weaknesses. The main differences are the temporal and spatial resolutions. LDA 
measures velocities of single seeding particles passing through a small sampling volume at a high 
temporal resolution, thus providing a high accuracy on estimating mean velocity, Reynolds stresses, 
and higher-order moments over a large dynamic range. However, information on the spatial structure 
of the flow can only be obtained by measuring flow velocities subsequently at an abundance of 
locations or by using more than one system simultaneously. 

PIV, on the other hand, gives detailed information on the spatial flow structure by measuring the 
distance travelled by groups of particles within the fluid during a fixed time interval. In order to detect 
their movement, an area of the flow is illuminated by a laser light sheet. Compared to LDA, PIV 
measures flow velocities at a lower temporal resolution using a larger measuring volume. However, its 
advantage over LDA consists in providing velocity vectors at a large number of locations 
simultaneously (for more details see Koll et al., 2008). 

For comparison of the two techniques we concentrated on the influence of the number of 
measurement points on spatial flow characteristics by comparing data measured at identical flow 
conditions with a 3D-LDA and a 3D-PIV system. Using the double averaging approach, spatially 
averaged mean flow velocities, turbulence characteristics, and form-induced stresses are used to 
investigate the possibility to describe spatial flow characteristics by a limited number of single point 
based measurements. 
 
2. EXPERIMENTS 

The experiments were carried out in the Total Environment Simulator (TES) at the University of Hull, 
UK, which is a 14 m long and 6 m wide tank. In the tank, an 11 m long and 1.2 m wide channel was 
constructed. A coarse gravel sediment mixture (0.71 mm < D < 64 mm) was used as bed material. The 
bed was water worked with a discharge of Q = 254 l/s to obtain a stable armour layer (D50 = 12.7 mm; 
D84 = 42.8 mm).  

Detailed information on bed topography was available from measurements along the 1 m long and 
0.6 m wide test section with an Acuity Laser Measurement displacement sensor (AR200-50M). The 
test section was located 5.39 m from the flume inlet so that neither the scour at the inlet section nor the 
downstream sill influenced the development of bed topography. Effects of the side walls were 
minimised by taking the measurements in the middle section of the flume. Longitudinal bed profiles 
were recorded with a sampling interval of ∆x = 1 mm, a lateral spacing between profiles of ∆y = 
0.25 mm, and with a vertical precision of � 0.1 mm. 

Velocity measurements were carried out with a Dantec 3D-LDA and Dantec 3D-PIV system at 
Q = 200 l/s and 100 l/s. The LDA measurements started 8.5 cm below the water surface. The vertical 
sampling resolution was �z = 2 mm in the near-bed region, �z = 5 mm above the roughness layer, and 
�z = 10 mm in the outer flow field. The corresponding sampling times were t = 90 s in the near bed 
region and t = 60 s above the roughness layer. Sampling frequencies ranged from approximately 10 - 
130 Hz. 20 velocity profiles were measured for the high discharge and 8 profiles for the low discharge. 
The measuring locations are referenced to bed topography in Figure 1. 

 
Figure 1: Bed scan and location of measuring locations (lines: PIV-Sheets; dots: LDA-profiles); axes 

are scaled in mm (flow direction from left to right). 
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The PIV measurements were designed to be taken over the whole water depth, resulting in an area 
of the stereoscopic measurements of 279 x 252 mm2. 3534 vectors at a spacing of 4.98 mm and 
4.13 mm in the streamwise and vertical directions, respectively, could be analysed. The width of the 
light sheet in the lateral direction was ≈ 2 mm and the measurements were carried out for a duration of 
5 min at three different lateral locations within the measurement section of the flume, at a lateral 
spacing of 5 cm (see Figure 1). For comparison with the LDA data 168 velocity profiles as well as a 
subset of only 20 profiles were analysed. 
 
3.  RESULTS 

An important objective of the comparative LDA - PIV measurements has been the investigation of the 
ability of both systems to adequately reflect spatial and turbulent flow heterogeneity depending on 
their spatial resolution. For this purpose, the data were analysed using the double-averaging approach. 
Figure 2 exemplarily shows double averaged mean velocity profiles, Reynolds stress profiles, as well 
profiles of form induced stress for the streamwise direction. 

A good agreement between LDA and PIV data is observed for the longitudinal velocity 
component, although systematic deviations in the absolute values are evident. Larger deviations are 
observed between the lateral and vertical velocities (not shown here), which cannot be attributed to the 
number of measurement points. 

The PIV results show that the shape of the vertical velocity profiles in longitudinal, lateral, and 
vertical direction as well as the absolute values of spatially averaged velocities depend only marginally 
on the number of verticals (168 compared to 20). This is an important result for designing experiments 
carried out with single point based measuring devices (such as LDA), as spatial flow characteristics 
may be described by a limited number of measuring locations in planes parallel to the bed. Moreover, 
the results also clearly indicate that the measuring locations must be separated by a certain spatial 
scale to avoid a biased spatial average due to spatially correlated measurements. 

The investigation of the spatially averaged turbulent flow properties revealed major differences in 
some parameters depending on the measurement technique. The reason for this unexpected result is 
partly associated with the chosen experimental set up, which aimed at the description of the complete 
flow field rather than a small section resulting in large interrogation areas for the analysis of the PIV 
data (4.98 x 4.13 mm2). 
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Figure 2: Double averaged mean velocity, double averaged Reynolds stress, and form-induced stress 
in longitudinal (u) direction (LDA = data measured by LDA, PIV = data measured by PIV, PIV(20) = 

data measured by PIV reduced to 20 verticals). Note the different scales of the x-axis. 
 

A further objective of the investigations has been to examine whether a systematic difference in 
bed surface topography has a major effect on the vertical velocity distribution in the near bed region. 
The analysis of the bed structure using 2-D structure functions indicates systematic differences 
between the two (rotated) bed surfaces in that the streamwise and lateral length scales are different. 
This indicates the method used to rotate the bed has caused little surface disturbance. 

PIV data are used to describe the near bed flow field, the vertical distributions of double averaged 
streamwise velocity, and the typical magnitude of the temporal and spatial fluctuations over the two 
beds. Figure 3 shows that there is a greater flow retardation over the rotated bed (Bed 2). Preliminary 
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analysis indicates that this difference is reflected by a change in the turbulence close to the bed rather 
than by the spatial distribution of the time-averaged velocities. In order to compare hydraulic 
roughness scales, the equivalent sand roughness ks was calculated using the Clauser method. This 
method was selected as it is commonly used to describe the vertical velocity distribution in the 
logarithmic layer. The calculated ks values confirmed that the rotated bed is rougher than the original 
bed. This result indicates that the use of some representative surface grain size of some simple 
statistical measure of bed surface elevations is not sufficient to describe the effect that a water-worked 
bed has on the near bed flow. Estimates of the streamwise length scale of the water-worked beds, 
obtained by use of 2-D structure functions, may provide an additional means to predict flow 
resistance. 
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Figure 3: Vertical variability in form-induced stress uu< >% %  in the near-bed region and double-

averaged near-bed streamwise velocity distributions. 
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